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Abstract In the next decade, new ground-based cosmic microwave background
(CMB) experiments such as Simons Observatory, CCAT-prime, and CMB-S4 will
increase the number of detectors observing the CMB by an order of magnitude or
more, dramatically improving our understanding of cosmology and astrophysics.
These projects will deploy receivers with as many as hundreds of thousands of
transition edge sensor (TES) bolometers coupled to superconducting quantum in-
terference device (SQUID)-based readout systems. It is well known that supercon-
ducting devices such as TESes and SQUIDs are sensitive to magnetic fields. How-
ever, the effects of magnetic fields on TESes are not easily predicted due to the
complex behavior of the superconducting transition, which motivates direct mea-
surements of the magnetic sensitivity of these devices. We present comparative
four-lead measurements of the critical temperature versus applied magnetic field
of AlMn TESes varying in geometry, doping, and leg length, including Advanced
ACT and POLARBEAR-2/Simons Array bolometers. MoCu ACTPol TESes are
also tested and are found to be more sensitive to magnetic fields than the AlMn
devices. We present an observation of weak-link-like behavior in AlMn TESes
at low critical currents. We also compare measurements of magnetic sensitivity
for time division multiplexing SQUIDs and frequency division multiplexing mi-
crowave (µMUX) rf-SQUIDs. We discuss the implications of our measurements
on the magnetic shielding required for future experiments that aim to map the
CMB to near-fundamental limits.
Keywords Superconducting detectors, Transition edge sensors, Bolometers,
SQUIDs, Weak link, Proximity effect, Magnetic field dependence
1 Introduction
Current cosmic microwave background (CMB) experiments depend on arrays
of superconducting transition edge sensor (TES) bolometers coupled to super-
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2conducting quantum interference device (SQUID)-based readout systems to make
measurements of microwave wavelength photons. New generations of these tech-
nologies are being developed for upcoming experiments, including CCAT-prime,
a 6-m aperture off-axis submillimeter telescope that will be located at 5600 m el-
evation on Cerro Chanjnantor in Chile [1], and Simons Observatory [2], an array
of new CMB telescopes that will be located at 5200 m elevation on Cerro Toco
in Chile, near the Atacama Cosmology Telescope (ACT) [3], CLASS [4], and
Simons Array [5]. These technologies are also relevant for CMB-S4, the next-
generation ground-based CMB project [6] which will enable tests of inflation and
provide constraints on dark energy and fundamental particle physics.
The superconducting devices on which current and future CMB surveys de-
pend are sensitive to magnetic fields, and the response of the devices to external
magnetic fields needs to be understood. When a magnetic field is applied to the
plane of the superconducting film of a TES, for example, the critical temperature
of the device shifts, which can affect the performance of the device in multiple
ways. Sources of magnetic fields that can interfere with TESes and SQUIDs in-
clude Earth’s DC field as well as AC fields produced by nearby instrumentation
and the telescope’s motion through Earth’s field. If the devices are not shielded
sufficiently, exposure to magnetic fields could result in the presence of artifacts in
the CMB temperature and polarization maps that could negatively impact science
goals and are difficult to remove. Device performance in the presence of magnetic
fields is difficult to compute analytically, rendering direct measurements neces-
sary to understand the behavior of these devices. Information about SQUID and
TES magnetic sensitivity will motivate magnetic shielding design considerations
for future CMB experiments.
One technique of fabricating TES bolometers uses thin films of aluminum
doped with manganese impurities to reduce the Tc of the film from ∼1 K to ∼100
mK. This approach has advantages in the simplicity of fabrication and results
in reduced sensitivity to magnetic fields when compared to MoCu bilayer fabri-
cation techniques [7]. AlMn TESes can also be fabricated on single wafers with
high uniformity, as are currently being used for Advanced ACTPol (AdvACT) and
POLARBEAR-2/Simons Array [8, 9]. These features along with demonstrated
performance in the field make AlMn TESes an attractive choice for next genera-
tion CMB experiments. Multiplexing readout of TESes is currently achieved with
either time division multiplexing (TDM) using DC SQUIDs [10] or frequency di-
vision multiplexing (FDM) using MHz LC resonators [11] or rf-SQUIDs (µMUX)
[10, 12, 13]. In this work, AlMn TESes and MoCu bilayer TESes (from ACTPol),
TDM DC SQUIDs, and FDM µMUX rf-SQUIDs are tested for magnetic sensi-
tivity.
The treatment of magnetic shielding currently varies for CMB experiments.
Instruments for ACT rely on TDM readout and have used multiple layers of Cry-
operm and Amumetal 4K in combination with individual niobium shields for
SQUID series arrays [14, 15]. Experiments using MHz FDM readout systems,
like POLARBEAR and SPT-3G, have mounted SQUIDs on Nb foil surrounded
by a small cryoperm sleeve [16]. Appropriate shielding factors will be motivated
by experimental testing of these SQUIDs and TESes combined with simulated
telescope observations. This information will be combined with simulations of
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Fig. 1: (a): Images of tested TESes. A: AdvACT AlMn TES. B: ACTPol MoCu TES. C:
POLARBEAR-2 AlMn TES, ∼10 times smaller in area than the other TES films. D: AdvACT
AlMn test TES, 16.5 µm wide. E: AdvACT AlMn test TES, 37.5 µm wide. F: location of AlMn
film. Device parameters and geometries are listed in Table 1. (b): Resistance versus temperature
plot for a TES at 10 µA excitation current when exposed to various values of magnetic field. Tc
is determined for each applied field value and plotted as a function of magnetic field in Fig. 2.
shield geometries in order to develop mechanical designs for the cryogenic re-
ceivers currently under development.
2 Magnetic Sensitivity of TES Critical Temperatures
We take resistance measurements of TESes varying in geometry, material,
doping, manufacturer, and leg length using four-lead measurements, which pre-
cisely read out the low resistance values and critical temperatures by eliminating
the lead and contact resistances from the measurements. TES chips were wire
bonded and affixed with rubber cement to a printed circuit board stripped of sol-
der and mounted to the coldest (100 mK) stage of a dilution refrigerator (DR). A
set of 1-m-diameter Helmholtz coils applied DC magnetic fields up to 10.5 Gauss
to the outside of the DR, with the fields applied perpendicular to the plane of the
devices being tested. The fields were attenuated by a 30-cm-diameter, 85-cm-long
half-open cylindrical room temperature mu-metal magnetic shield inside the DR.
Shielding factors were measured by using a gaussmeter to measure the field be-
tween the coils with and without the shield in place and were determined to be
380 ± 20 with the axis of the coils perpendicular to the axis of the shield (for the
SQUID and weak-link-like behavior measurements) and 2.9 ± 0.2 with the axis
of the coils coincident with the axis of the shield (for the four-lead measurements)
at the locations of our detectors. The series array modules used for TDM readout
are additionally shielded in a niobium box. Resistance versus temperature data
were acquired for each TES at various values of applied magnetic field, using a
lakeshore AC resistance bridge with a low-noise preamplifier and ruthenium oxide
thermometry with low magnetic field-induced errors (Fig. 1).
We tested TESes from ACTPol chips [17], AdvACT 150 GHz (HF) chips,
AdvACT 30 GHz (LF) chips [9], TES test chips with AlMn films of varying ge-
ometries, and POLARBEAR-2 TES test chips [18] with varying leg lengths for
magnetic sensitivity. Two TESes of each type were measured. All AlMn films
had concentrations of 2000 ppm per atomic % [19]. The POLARBEAR-2 TESes
had thicknesses of 60 nm, and thus were higher RN and Tc devices than the 400
nm thick ACT TESes [19, 20]. We chose excitation currents for the four-lead
4Fig. 2: Tc versus B for tested TESes (AdvACT (AA), ACTPol (AP), POLARBEAR-2 (PB),
AdvACT LF (LF)) and parabolic fits to the data points. Dashed and solid lines indicate mea-
surements of different devices of the same type. Coefficients from parabolic fits are listed in
Table 1.
measurements to balance noise reduction in the measurements with minimizing
power dissipation through the TES bolometers (Table 1). A current of 10 µA was
selected for the lower RN devices, while a current of 100 nA was selected for the
higher RN devices. Any heating of the devices due to the selected excitation cur-
rent was minimal and not observed to significantly affect Tc. For each device and
at each applied magnetic field value, we took Tc to be the temperature value at
50% RN , where RN is the resistance value measured 2 mK above the last super-
conducting data point in the resistance versus temperature curve at zero applied
magnetic field. A plot of Tc versus applied magnetic field for the tested bolome-
ters is shown in Fig. 2 along with parabolic fits to the points. Parameters from the
parabolic fits to one of each type of device are listed in Table 1. The error bars
on Tc are chosen to be 1.3 mK, the standard deviation of a Gaussian fit to the dif-
ferences in recorded Tc between 18 otherwise identical data points taken over the
course of two separate cooldowns for the AdvACT LF chips.
3 Weak-Link-Like Behavior in AlMn TESes
A theoretical model of the physics governing the superconducting phase tran-
sition of TES bolometers has yet to be constructed. Experiments have shown that
the critical current of square thin-film TESes depends upon the TES geometry
and temperature which can be described in terms of longitudinal proximity effects
in the weak-link model of TES films [21]. The critical current of these TESes
has been observed to show Fraunhofer-like oscillations in applied magnetic fields,
similar to those observed in Josephson junctions [21, 22]. A Ginzburg-Landau
model can be used to explain measurements of Ic(T ) for TESes considered to be
SN’S proximity induced weak-links, measured in bath temperatures near Tc [21–
23]. These measurements have previously been made for MoAu and MoCu bilay-
ers, among others [24]. In this work, we present observations of weak-link-like
behavior in AlMn TESes.
Using the same experimental field setup described in Sect. 1, magnetic fields
are applied perpendicular to the plane of the TES films. The three TES devices
5TES
Leg w x l
[µm]
AlMn Area,
Thickness RN [Ω ] TC[K] w[ KG2 ]
dI0
dB [
µA
G ]
PB5 4, 10 x 500 610 µm2, 60 nm 0.84 0.425 3.0e-6 4e-5
PB7 4, 10 x 700 610 µm2, 60 nm 0.86 0.423 8.5e-6 5e-5
PB15 4, 10 x 1500 610 µm2, 60 nm 0.86 0.416 1.1e-4 5e-4
AdvACT 15 x 61 6200 µm2, 400 nm 0.007 0.211 1.2e-3 1e-1
AA16 20 x 61 3300 µm2, 400 nm 0.004 0.213 1.0e-3 1e-1
AA37 20 x 61 11250 µm2, 400 nm 0.007 0.208 0.6e-3 1e-1
AA LF 10 x 1000 6200 µm2, 400 nm 0.007 0.154 1.1e-3 3e-2
AA LF 10 x 500 6200 µm2, 400 nm 0.006 0.170 0.9e-3 3e-2
AA LF 10 x 220 6200 µm2, 250 nm 0.006 0.170 0.9e-3 5e-2
AP MoCu 20 x 61 9000 µm2, 250 nm 0.007 0.166 4.6e-3 5e-1
Table 1: AdvACT (AA), ACTPol (AP), and POLARBEAR-2 (PB) TESes, leg lengths, AlMn
(or MoCu for ACTPol) areas, and excitation currents, with parabolic fits in the form of y =
TC,B=0−wx2 to Tc versus B data for one of each type of tested TES. AA16 indicates an AdvACT
test TES with a width of 16.5 µm, and AA37 indicates a width of 37.5 µm. PB TESes have one
leg which is 4 µm wide and one which is 10 µm wide. All concentrations of AlMn were 2000
ppm per atomic %. The high RN devices were tested with a 100 nA excitation current, while the
low RN devices were tested using a 10 µA excitation current. Errors on parameters are taken
to be 1.3 mK due to scatter in otherwise identical data points during separate cooldowns, and
20% of sensitivity fit mK/Gauss2 due to fitting error. Estimates of dI0/dB should be regarded as
comparative figures only and are based on an approximation of the sensitivity at B = 0.05 Gauss
as described in Sect. 5.
tested were most similar to the AdvACT HF TESes (B. in Fig. 1). The TESes
are read out using the same TDM readout system used in AdvACT with NIST
SQUIDs similar to those in [25]. At each value of applied magnetic field or each
value of temperature, we perform voltage ramps to get a reading of the critical
current Ic at which the TES transitions from superconducting to normal. Applied
magnetic field was ramped from 0 to positive applied field and from 0 to nega-
tive applied field as defined by the normal direction of the TES film. Varying the
method of ramping magnetic flux was not observed to have a significant effect on
Ic(B).
Plots of Ic versus B are shown for three devices in Fig. 3. These data were
acquired for the TESes at bath temperatures near Tc where the Ginzburg-Landau
model would apply for the AlMn films. A plot of Ic versus T for the three devices
is shown in Fig. 3 along with fits to the data where the Ginzburg-Landau model
applies. The fits take the form Ic(T ) = a
√
T/Tc−1e−b
√
T/Tc−1, where a is pro-
portional to the width of the device film and b is proportional to the length [21].
We observe a trend in a consistent with the theory, with a= 0.50±0.01×106 µA,
b= 73±121 for the 16.5 µm wide by 200 µm long AlMn device (“TES 2”) and
a = 1.00± 0.05× 106 µA, b = 69± 28 for the 25 µm wide by 200 µm long
devices (“TES 1” and “TES 3”).
The behavior observed in these devices generally agrees with the weak-link
model. We observe Fraunhofer-like oscillations in all three tested devices; how-
ever, the observed oscillations are not consistent in period or decay, and the ab-
sence of the central peak in the oscillations requires further study. The measured
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Fig. 3: (a): Ic versus B for three AlMn TES films, similar to B in Fig. 1. We observe Fraunhofer-
like oscillations in the data. The period of the oscillations is irregular, as is their decay; however,
the period is repeatable both between cooldowns and as we adjust the temperature along the
trajectories shown to the right. The lack of a central peak requires further study. (b): Ic versus T
for the three AlMn TES films, along with fits to the high temperature data using the Ginzburg-
Landau model (equation 1). Temperature is held fixed for the measurements of Ic versus B in (a)
for each device, and is indicated here by the dashed vertical lines in (b).
high temperature data are fit by the Ginzburg-Landau model and are consistent
with expectations for the TES geometries studied here.
4 Magnetic Sensitivity of µMUX and TDM SQUIDs
To measure the magnetic sensitivity of the TDM SQUIDs described in Sect. 1,
magnetic fields were applied perpendicular to the planes of the SQUIDs. The
SQUIDs were mounted in the same MUX board used to read out AdvACT single
pixels on the DR’s coldest stage. V-φ curves were acquired for applied various
field values using the MCE readout electronics. The shift in the V-φ curves due to
the presence of positive and negative applied fields was measured for 411 readout
channels (Fig. 4). By calculating dφ0/φ0 per Gauss for each channel and consid-
ering the average distribution of these values, we determine the upper bound on
measured TDM SQUID sensitivities to be 1.2 φ0/Gauss.
To estimate the magnetic sensitivity of µMUX rf-SQUIDs, magnetic fields
were applied perpendicular to the planes of 33 rf-SQUIDs on a single NIST µMUX
14a chip and time-ordered data were taken on each rf-SQUID using a ROACH
readout system, returning an average phase response of the µMUX channel in ra-
dians as a function of applied magnetic field. Data were taken for two different
orientations of the chip within the magnetic shield (Fig. 4). A gradient in response
to the magnetic field was seen across the µMUX chip in the first orientation, with
a minimum in sensitivity at the central rf-SQUIDs and maxima at the ends of the
chip (Fig. 4). This slope is thought to be due to the sensitivity of the gradiometric
winding of the SQUID coils to gradients in magnetic field as a function of position
inside the DR, since the same response was not observed in the second orientation
of the chip within the shield. We place an upper limit on magnetic sensitivities of
0.3 φ0/Gauss for the µMUX rf-SQUIDs.
5 Shielding Considerations for Future CMB Experiments
Magnetic shielding designs for upcoming CMB experiments should be driven
by device sensitivities such as those presented in this work in order to minimize
7(a) (b)
Fig. 4: (a): An example of shifts in the V-φ curve of a single TDM SQUID under the influence
of applied magnetic field. (b): φ0/Gauss for resonances on the µMUX chip display a gradient in
response across the chip for the Run 1 orientation (red) but not for the Run 2 orientation (black).
The top view schematic diagram shows the position of the µMUX chip within the magnetic
shield for the two runs along with the applied magnetic field directions outside the shield. The
chip resonances run from low to high frequency from top to bottom in the red orientation, and
left to right in the black orientation in this view. The number of channels read out and the
accompanying central frequencies varied slightly between the two runs. An upper limit on the
magnetic sensitivities of these rf-SQUIDs is taken to be 0.3 φ0/Gauss.
cost and extent of mechanical design. Using the measurements obtained for our
tested TESes and SQUIDs, we can convert detector and readout magnetic sensi-
tivities into estimates of the change in detector bias current per applied magnetic
field by using δ I0δB ≈ G(Tc)(−2wB)V0 , where w is our parameter fit listed in Table 1, B is
a magnetic field value offset from zero (taken to be 0.05G, or ∼1/10 Earth’s mag-
netic field) and G is the thermal conductance of the TES [26]. Using appropriate
values for the types of TESes tested, we obtain sensitivity estimates in detector
bias current and list them in Table 1 [27–30]. Because these sensitivities are es-
timated at an arbitrary value of magnetic field, and the true relationship between
dB and dI0 is more complex than fully represented in this estimate, these numbers
should be treated as a comparative guide to relative sensitivities.
A similar calculation can be done to convert the TDM SQUID sensitivity es-
timate into a predicted detector current response as a function of magnetic fields
inside the shielding, using conversion factors particular to our readout setup [26].
For our upper limit sensitivity, 1.2 φ0/Gauss, we estimate δ I0 eff/δB≈ 100
µA/Gauss, three orders of magnitude larger than the estimates for our TESes. For
the µMUX rf-SQUIDS, with an upper limit sensitivity of 0.3 φ0/Gauss due to the
gradiometric response of the rf-SQUIDs, δ I0 eff/δB≈ 4 µA/Gauss, a factor of 25
times less sensitive than the TDM SQUIDs.
In combination with knowledge and experience drawn from current experi-
ments, this information will serve to motivate magnetic shielding designs for fu-
ture CMB efforts. We have simulated magnetic shields with ANSYS Maxwell to
estimate the magnetic shielding factors of existing shielding geometries as well
as possible configurations for future experiments. We estimate an ACTPol style
Amumetal 4K 32-cm-diameter double (single) layer cylindrical magnetic shield
to have a shielding factor for on-axis fields of ∼500 (100) at the location and ori-
entation of the AdvACT detector arrays and TDM SQUIDs. This factor appears to
increase to > 7500 for DC fields perpendicular to the cylinder’s axis, which was
8the most sensitive orientation for the previous ACTPol TDM SQUIDs. The TDM
SQUIDs used for ACTPol did not show any evidence of external magnetic field
pickup as the cryostat was rotated through Earth’s field. Preliminary studies with
AdvACT do not provide evidence for significant pickup, but more detailed Ad-
vACT analysis is needed. If we scale the less sensitive µMUX SQUID pickup
levels from either the ACTPol or the AdvACT SQUID shielding factors, they
suggest µMUX shielding factor targets between 20 and 300. For comparison, a
shielding factor of ∼50 was achieved in SCUBA-2 by enclosing the experiment’s
SQUIDs in a niobium box within high-permeability shields on the inside of the
vacuum vessel [31].
6 Conclusion
We have made measurements of the magnetic sensitivity of AlMn and MoCu
TESes, varying in geometry, leg length and doping, TDM SQUIDs, and µMUX
rf-SQUIDs. The MoCu ACTPol TESes are the most sensitive to magnetic fields,
followed by the AdvACT AlMn TESes, with the POLARBEAR-2 AlMn TESes
being the least sensitive. The primary source of the differences between the sensi-
tivities of the AlMn TESes is not yet clear, though we note that the POLARBEAR-
2 and AdvACT TESes do have significantly different areas, critical temperatures,
doping, and thicknesses. An observation of weak-link-like behavior in AlMn TESes
at low critical currents was made. Further study could help inform how this behav-
ior impacts detector parameters. We used estimates for AlMn TES, TDM SQUID,
and µMUX SQUID magnetic sensitivities from device measurements along with
simulations to motivate realistic shielding factors that would sufficiently suppress
field excursions in upcoming experiments. These results will inform the design of
magnetic shielding for future CMB experiment receivers such as those for CCAT-
prime, Simons Observatory, and CMB-S4 and thereby help enable precision mea-
surements of the CMB sky.
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